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5 Abstract 
The aim of this thesis is to create a CFD model of a fluidized bed to study the heat transfer 
having concentrated solar as a heat source. First, some background about concentrated 
solar energy, a review of its actual potentials and barriers and a comparison among other 
energy sources will be exposed. Then the fluidized bed concept and the recent studies 
about heat transfer will be presented and discussed. 
The core of the thesis will be based in creating a CFD model to predict the behavior and 
understand the interactions in a fluidized bed when is irradiated with concentrated solar. 
It has been decided to create a 2-D model of a rectangular fluidized bed with solid 
particles of SiC. First, the model has been tested and validated without the heat source 
and then the heat source has been added. Once the simple model has shown the desired 
results it has been upgraded including heat to the model. A crucial part of the study was 
how to model the heat source and how to implement it into the model. With the data 
obtained from current studies an approach of the heat source to a Gaussian distribution 
with its peak in the focal point has been made. Then this heat source has been introduced 
in the model affecting always the surface of the bed. 
Once the heat model has been set up two different cases have been studied: a fixed bed 
and a fluidized bed. In the fixed bed case, the temperature in the focal point increase very 
rapidly like in the current studies due to that a high amount of energy is concentrated in 
a very small region. On the fluidized bed case, the temperature of the bed fluctuates due 
to the high mixing and interaction that there is in the bed that improves the heat transfer 
between the solid particles. 
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6 Concentrated solar energy 
6.1 Definition 
Concentrated solar energy consists in concentrate the energy coming from the sun using 
mirrors or lenses into a receiver. The purpose of concentrating the energy of the sun is to 
obtain higher temperatures in the receiver that would yield to higher efficiencies of the 
system. Nowadays concentrated solar is used basically in concentrated solar power plants 
to produce electricity. To produce electricity, the light of the sun in concentrated into the 
receiver, heating up a working fluid. Normally, this working fluid exchange heat with 
water for generating steam. Finally, this steam runs a turbine connected to a generator to 
produce the electricity.  
One of the main reasons why concentrated solar power is so promising is because by 
concentrating the light the efficiencies of concentrated solar system increase. One 
parameter that is important to have in mind in these type of systems is the concentration 
ratio (C). The concentration ratio can be defined as the ratio between the radiant flux after 
the concentration and before the concentration. Considering that the area of the receiver 
is very small compared with area of reflection we can define the concentration factor as: 
𝐶 =
𝑎𝑝𝑒𝑟𝑡𝑢𝑟𝑒 𝑎𝑟𝑒𝑎
𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑟 𝑎𝑟𝑒𝑎
           (3.1) 
Where the aperture area is the area facing the sun, and the absorber area is the area where 
the sun beams are concentrated. In Figure 6.1 it can be observed that as we increase the 
concentrated factor, the efficiency of the CSP system increase. However, we must 
consider that the efficiency doesn’t increase linearly with the increase of temperature, so 
the optimal operating temperature for each system must be determined. 
Figure 6.1 Theoretical efficiency of a CSP-system as a function of temperature for different concentration factors [12] 
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In Figure 6.2 it can be shown that the temperature increase with the temperature reaching 
a maximum of the concentrating factor of 46200 due to optical and geometrical properties 
that yields to a maximum temperature in the absorber of 5780K. These two values give 
us the operating frame of concentrating factors and temperature that the CSP could 
operate. 
 
6.2 Types of concentrated solar systems 
There are several ways of concentrating the energy coming from the sun but all of them 
are based in reflecting the sun beans from a big surface into a smaller surface to achieve 
a high concentrator factor that would yield to higher temperatures in the receiver and 
higher efficiencies of the system. There are two types of concentrating systems, the ones 
that concentrate the sun beams in a line and the ones that concentrate it in a point. In the 
first category, we can find the Parabolic Trough and the Linear Fresnel. In the second 
category, we can distinguish between the Solar Tower and the Dish Stirling. In this 
section, a brief review of all of them will be provided and the main advantages and 
disadvantages will be discussed. 
 
 
Figure 6.2 Theoretical maximum temperature at different concentration ratios [13] 
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• Parabolic Through: This system uses cylindrical parabolic mirrors to concentrates 
the sun beams into a receiver located in the focus of the ellipse. The main parts of 
this system are the mirrors, the receiver and the tracking system that follows the sun 
during the day. This system only needs a one-axis tracking system. The operating 
fluid normally is oil or molten salts that can reach temperatures up to 400oC. The 
good aspects about this technology is that is a well-known technology with high 
reliability but it has high construction and land requirements. 
• Linear Fresnel: This system uses Fresnel lenses to concentrate the sun beams to a 
central pipeline. It is also a one-axis tracking system and one of the main advantages 
is that is composed small flat reflecting surfaces which are easier and cheaper to 
manufacture compared with the parabolic through. The working fluid is also oil or 
molten salts and the temperatures that can be reached in the receiver are similar to 
the parabolic trough. One of cons of this technology is that is still under development 
and the reliability is still unknown. 
• Solar Tower: Consists of a large number of sun-tracking mirrors, called heliostats, 
which concentrate the sun beams into a receiver located on the top of a tower. This 
technology uses a two-tracking system to guarantee that all the beans are reflected to 
the same point. As we concentrate the energy in one point, the temperature that can 
be reached in the receiver is much higher than the one-axis tracking technologies and 
can reach values up to 1000oC. This technology can use many working fluids (air, 
molten salts, water/steam)  
Figure 6.3.Parabolic through (up, left), Linear Fresnel (up, right), Solar Tower (bottom, left), Dish Stirling (bottom, right) 
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• Dish Stirling: Parabolic dish shaped concentrator with a receptor in the focus. Uses 
a two-axis tracking system to follow the sun and the operating fluid is air. It has very 
high concentrator factor and the temperatures that can be reached in the receiver are 
up to 900oC. One of the main advantages are its high efficiency and its modularity 
and its disadvantages that is still in under demonstration. 
 
 
 
 
 
 
 
 
 
Figure 6.4 Comparison among different concentrating technologies [14] 
Table 6.1. LCOE of solar energy technologies at locations with high solar irradiation in 2013. Values indicate the 
irradiation (kWh/m2a) [2] 
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6.3  Levelized cost of energy: Solar energy 
Levelized cost of energy [1] (LCOE) is industry’s primary metric for the cost of electricity 
produced by a generator considering all the lifetime costs. It is a figure expressed in 
$/kWh or $/MWh and provide the cost of generating the energy using that technology. 
The main costs that must be taken into consideration are: construction, financing, fuel, 
operation, maintenance, taxes, insurance and incentives. LCOE is a very useful tool to 
compare different generation options. In conventional power plants one of the most 
important parts of the cost is the fuel, which is very difficult to predict its price as it varies 
depending on the markets. In renewable energy plants, the fuel is free but the initial 
investment is higher compared with conventional power plants. Also, it must be 
considered that some countries give incentives to renewable energies which will decrease 
the LOCE. In Figure 6.5 can be observed the LCOE of different energy generation 
options. As it can be observed, solar thermal is the technology that has the highest LCOE 
which means that it is very expensive to produce electricity with this type of technology 
but more factors must be considered. 
Concentrated solar technologies will be addressed among the different types of solar 
thermal technologies. One of the main attractions of concentrating solar systems is its 
integration with thermal storage system allowing producing electricity independently 
Figure 6.5. Projected LCOE in the U.S by 2020 
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from the weather conditions. So, integrating a CSP system with a thermal storage system 
we can obtain a dispatchable generation with a renewable energy source. One of the main 
reasons why concentrated solar has slow down its evolution is because the high decrease 
of the price of PV panels of the last years. This fact made PV more competitive than CSP 
systems and made its LCOE lower compared with other solar technology. As it can be 
observed in Figure 6.6  the LCOE of PV is much lower, between 0.06 – 0.12 €/kWh, than 
the CSP technology with storage that oscillate between 0.14 – 0.19 €/kWh. 
 
Based on the study performed by Fraunhofer [2], the levelized cost of energy of CSP 
system varies from 0.12 to 0.25 €/kWh of plants of 100 MW. For calculating the LCOE, 
two irradiations have been used. The first calculation was done with an irradiation of 2000 
kWh and the second one of 2500 kWh. In Figure 6.7 can be observed the LCOE of the 
different type of CSP technologies with and without storage with the two different annual 
irradiations mentioned above. It can be observed that the technology that seems to provide 
a lower LCOE is linear Fresnel, but some skepticism about this data must be kept. As 
linear Fresnel is a technology in development and only few real projects have been done 
there is not much data to perform an accurate LCOE calculation although with the 
Figure 6.6. LCOE of solar energy technologies at locations with high solar irradiation in 2013. Values indicate the 
irradiation (kWh/m2a) [2] 
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available data is the one has the lowest LCOE. Parabolic through with an 8-hour storage 
and with an irradiation of 2000 kWh/m2a has a LCOE compressed between 0.161-0.197 
€/kWh. It can be observed that the variability of LCOE of parabolic through systems is 
lower if a thermal storage is included. Finally, the most expensive theology in terms of 
LCOE is the solar tower. In the Fraunhofer’s report the LOCE of this type of system with 
an 8-hour storage and with an irradiation of 2000 kWh/m2a was 0.184-0.210 €/kWh.  CSP 
technology is expected to have cost reduction due to higher automation, project 
experience and use of new type of materials and components. In solar tower technology, 
a very promising research line is the utilization of new types of receivers to maximize the 
heat transfer and improve the efficiency of the system.  
 
 
Figure 6.7. LCOE of CSP plants with nominal capacity of 100 MW, by plant type and irradiation (kWh/m2a) [2] 
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7 Fluidized Bed technology 
7.1 Introduction 
A fluidized bed is a solid/fluid mixture that behaves like a fluid and it is formed when a 
quantity of a solid particulate substance is placed under certain conditions. A fluidized 
bed has many interesting properties and applications as you have solid particles that can 
be analyzed like a fluid. They can free-flow under gravity or to be pumped using fluid 
type technologies. One of the most interesting properties of a fluidized bed is that the 
contact between the solid particles and the fluidization medium is much greater than in 
conventional packed beds. This good contact between the two different phases allows a 
fluidized bed to have a great heat transfer between the solid particles and the fluid and 
between the bed and its container. 
As it was commented in the previous paragraph, fluidized bed exhibit fluid properties and 
as it can be considered a heterogeneous mixture, a single bulk density can be used for the 
whole fluidized bed. As the fluidized bed can be considered as a fluid if we immerse an 
object with a lower density in the bed it will float to the surface. If we put an object with 
a higher density than the bed it will sink. 
Figure 7.1. Fluidization process [16] 
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In Figure 7.1, the steps involved in the fluidization process are explained. The fluidized 
state occurs when a fluid at a sufficient velocity can break up the fixed bed of a particulate 
material. When the bed is fixed, the particles are immobile and they have numerous 
contact points among where contact forces are applied because of gravity. When the 
minimum fluidization velocity (vmf) is achieved, that is the minimum velocity that the 
fluid must reach to be in a fluidized bed condition, the bed's mass is suspended directly 
by the flow of the fluid stream. In the fluidized state, the contacts between particles are 
of short duration and the forces between them are weak. The pressure drop across the bed 
is constant and directly related to the bed weight and its cross section. In Figure 7.2 it can 
be observed that the pressure increase with the velocity until the vmf is reached, then there 
is a momentary increase in the pressure and then it stabilizes at a constant pressure.  
 
 
The pressure drop can be calculated using equation 7.1. It can be calculated by two 
different ways. The first one is knowing the bed height, the bed voidage and the apparent 
density of the fluidization fluid and the bed particles. The second way is using the mass 
of the bed, the gravity, the cross-sectional area of the bed and the apparent density of the 
fluidization fluid and the bed particles. This equation will be used to verify if the results 
obtain using the model match with the results calculated analytically.  
 
Figure 7.2 Pressure drop vs fluid velocity in a fluidized bed [15] 
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∆𝑝𝑤 = 𝐻𝑤 · (1 − 𝜀𝑤) · (𝜌𝑠 − 𝜌𝑓) =  
𝑀𝑠 · 𝑔
𝐴 · 𝜌𝑠
· (𝜌𝑠 − 𝜌𝑓)        (7.1) 
 
When the bed is fluidized with liquids, we have the case of the "homogenous" 
fluidization. Gas fluidization leads to so-called "heterogeneous" fluidization. At gas 
velocities, just above the minimum fluidization velocity, bubbles form and the fluidized 
bed can be treated as if it consists of two phases: bubbles, in which there are virtually no 
particles and a particulate (emulsion) phase, which is in a condition like that of the bed at 
the minimum fluidization velocity. Bubbles which form near the distribution plate, rise 
the bed, grow and coalesce, producing bigger bubbles which sometimes break up into 
smaller bubbles. On the bed surface, bubbles eruptively burst, ejecting the particles far 
from the bed surface. Such bubble behavior makes particle circulation in the bed very 
intensive. Behind the bubble, in its trail, particles move upwards. Around the bubbles and 
between them, and especially near the walls, particles move downwards. Bubble 
movement thus promotes intensive gas and particle axial mixing in the fluidized bed. 
 
7.2 Advantages compared with existing solutions 
Nowadays concentrated solar systems tend to use molten salts or organic oils as a working 
fluid. These types of fluids are limited to operating temperatures up to 560oC [3], they 
can only reach these temperatures because, for the case of nitrate salts, they decompose 
at temperature greater than 600oC [4]. To improve the efficiency of concentrated solar 
systems a higher temperature is needed. In a fluidized bed receiver, solid particles are 
used for the heat exchange. Using the solid particles to absorb the radiation coming from 
the sun, temperatures greater than 1000oC [5] can be achieved, which can boost the 
efficiency of the concentrated solar system.  Moreover, using solid particles will reduce 
dramatically the cost of the working material. While molten salts such as Nitrate salt can 
cost up to 1$/kg, using solid particles such as sand or ashes, the cost can be reduced to 
0.01-0.1$/kg. In actual CSP power plants, the cost of the working fluid is a significant 
amount of the initial investment, and must be taken into consideration that it will add high 
O&M cost.  In Table 7.1, there is a comparison between a Nitrate Salt and a Solid Particle 
used as a Heat Transfer Fluid. It can be observed that using a solid particle as a HTF 
yields to a more efficient system, with less cost and with a lower initial investment, 
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including the option to add a thermal storage to the system at a very competitive price. 
Moreover, fluidized bed has other advantages such as: excellent gas-solid contacting, 
absence of hot spots even with highly exothermal reactions, good gas-to-particle and bed-
to-wall heat transfer due to the intense mixture of the solid material by the presence of 
gas bubbles [6] Nevertheless, fluidized bed using solid particles is a very new technology 
and a lot of research must be done to extract is potential benefits. 
Another important aspect of using a fluidized bed receiver is that higher efficiency power 
cycle can be used. As now the temperature it is not limited to 600oC, the theoretical 
maximum thermal efficiency of the cycle (Carnot efficiency) will increase as 
temperatures greater then 1000oC can be reached. With this temperature of the hot source, 
high efficiency cycle can be used such as combined Air-Brayton, supercritical-CO2 
Brayton and ultra-supercritical steam cycles which yields to a better performance of the 
thermal-to-electric conversion. 
 
7.3 Current studies 
7.3.1 Heat transfer in directly irradiated fluidized bed [7]   
The aim of this study was studying the heat transfer in a fluidized bed using an 
experimental set being able to map the bed surface temperature of the bed. Another 
important issue that was investigated is that when a beam of light is directly concentrated 
into a bed, the concentration point can reach very high temperatures that can degrade the 
solid particles and affect in the efficiency of the system. One possible solution to this 
problem is presented in the paper.   
 
Table 7.1. Benchmark of the FB-CSP system to current state-of-art salt systems (100-MWe scale) [5] 
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The main components that conform the experiments are: 
• A fluidized bed reactor with a gas preheater and a mass flow control system. 
• A temperature and pressure measurement system of the bottom bed. 
• A simulated solar radiation source, consisting of a short-arc Xe lamp and of an 
elliptical mirror. 
• An infrared camera to map the bed surface temperature. 
• A Bubble Generation System (BGS) connected to a submerged nozzle located 
along the central axis of the fluidized bed. 
The most important facts that can be taken advantage of that study are the way to 
model the sun light, the type of solid particles used and the interaction between the 
inlet air velocity and the surface temperature. For emulating the solar radiation, a 
short-arc ozone-free 4 kWel was chosen. This type of lamp emits in a spectrum very 
similar to the spectrum emitted by the sun that reaches the Earth. The lamp is equipped 
with an elliptical reflector that allows to concentrate the light in a desired point. 
Another critical parameter for a fluidized bed is the material of the solid particles. In 
this study, the material was SiC powder with the physical properties shown in Table 
7.2. That material is considered a good absorber due to its large emissivity, nearly 0.9. 
The emissivity is calculated using an infrared camera and a thermocouple. 
Figure 7.3. Outline of the experimental apparatus 
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In that study, the temperature of the bed was measured under different operating 
conditions in the bed, from fixed bed to freely bubbling fluidized bed conditions. The 
main experiments shown are at inlet air velocities of u=0 m/s (fixed bed), u= 0.018 m/s 
(incipient fluidization) and u=0.073 m/s (freely fluidization). It can be observed that in a 
fixed bed, the temperature reached in the incident point of the bed is very higher, and can 
reach temperatures up to 1500oC. For an incipient fluidization, it can be observed that a 
very hot spot is still formed where the light is irradiated. From the third experiment, we 
can conclude that when the fluidized bed is fully formed the temperature decrease 
dramatically down to temperatures of 150 oC. This huge reduction in the temperature is 
basically due to two different factors. The first one is that bubbles promote the coverage 
of the hot area by the cold particles located away from the focal point. The second 
mechanism is that bubble busting promotes the displacement of hot particle to colder 
areas of the bed. It can be concluded that bubble bursting reduced local overheating in a 
fluidized bed. Other experiments were done using the BGS system to reduce the 
overheating an increase the heat transfer. 
7.3.2 High-temperature fluidized receiver for concentrated solar radiation by a 
beam-down reflector system [8] 
This study can be divided in three different parts: a numerical computation of a volumetric 
receiver, an experimental examination of a fluidized bed receiver and the numerical 
approach of that fluidized bed. Form the first part, although is not a fluidized bed, some 
important parameters can be studied. The volumetric receiver is formed by a porous 
medium of SiC, the same material used in [7]. A thermal conductivity (λs) of 118 W/(mK) 
is assumed for this specific material. In the numerical simulation, the concentrated solar 
light is modeled as a heat generation source of 1000 kW/m2.  
 
 
 
Table 7.2. Physical properties of SiC power [7] 
Density 
(kg m-3) 
Size range 
(µm) 
Size standard 
deviation (µm) 
Sauter mean 
diameter (µm) 
Geldart 
classification group 
Umf 
(m s-1) 
3210 50-350 55 127 B 
0.018 (20oC) 
0.016 (600 oC) 
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The experimental examination of the fluidized bed consists in the experiments setup 
shown in Figure 7.5. As it can be observed air in introduced into the bed at two different 
velocities, the velocity of the central flow (VD) is always 1.56 faster than the annular 
velocities (VA). This fact increases the organized particle circulation. Moreover, a draft 
tube is submerged in the fluidized bed to stabilize its circulation. In that experiment, the 
material that was used to capture the concentrated light was ceramic particles of 
NiFe2O4/mZrO2 with a size range of 212-710 µm. The numerical approach of that 
fluidized bed was done using FLUENT V.13. To treat the solid-fluid, two-phase flow a 
granular approach was adopted. 
  
Figure 7.4. Volumetric receiver experiment 
Figure 7.5. Experimental apparatus of the fluidized bed (left), Numerical approach (right) 
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8 Fluidized bed model 
8.1 Introduction 
Once the current studies have been analyzed and understood the first step will be develop 
a fluidized bed model. The first fluidized model will be based in the study Heat transfer 
in directly irradiated fluidized bed [7]. So, the main purpose is validating the results 
obtain in that study using the CFD model developed using the software FLUENT. For 
being able to emulate the conditions of the study first a simple model of a fluidized bed 
without heat transfer will be developed and tested. Once this model works correctly, a 
model of a fixed bed considering the heat transfer will be developed. Finally, a fluidized 
bed model with heat transfer will be designed. The creation of the model including the 
heat source is the most challenging part of this study. The main factor that must be 
considered is how the heat is transferred to the particles. In the experiment, the surface of 
the bed is directly irradiated. So, how to model this is crucial for the simulation. It must 
be discussed how the heat source will be, which regions of the bed will affect and how it 
will be implemented. To verify that the model is correct the results will be compared with 
the once obtain in the study [7].  
8.2 Fluidized bed mathematical model [9] [10] 
For this fluidized bed model, it has been decided to perform a 2-D simulation to minimize 
the computational time and because with a 2-D model is enough to understand the heat 
transfer process in the fluidized bed case studied.  This model will be based in an Eulerian-
Granular approach. This model uses a single pressure field for both phases, that implies 
that the pressure term is the same in both phases. Moreover, phases can mix and 
interpenetrate into one another but the volume of the phase cannot be occupied by the 
other phase. The volume fraction of each phase is assumed to be continuous functions 
and their sum is equal to one. The interaction between both phases is modeled through 
the following interaction terms: drag force, virtual mass effect and heat transfer 
coefficient. 
The basic equations governing the model are the continuity, momentum and energy 
equations for each phase and the interaction models used in the model. 
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8.2.1 Conservation equations 
In that section the conservation equations of mass, momentum and energy will be 
presented and summarized in Table 8.1.  
The mass continuity equation both each phase is: 
Gas phase: 
𝜕
𝜕𝑡
(𝜀𝑔𝜌𝑔) + ∇(𝜀𝑔𝜌𝑔 ?⃗?𝑔) = 0                                                                                                (8.1) 
Solid phase: 
𝜕
𝜕𝑡
(𝜀𝑠𝜌𝑠) +  ∇(𝜀𝑠𝜌𝑠 ?⃗?𝑠) = 0                                                                                                   (8.2) 
Where      
𝜀𝑔 + 𝜀𝑠 = 1                                                                                                                                 (8.3) 
The conservation momentum equation for each phase is: 
Gas phase: 
𝜕
𝜕𝑡
(𝜀𝑔𝜌𝑔 ?⃗?𝑔) +  ∇(𝜀𝑔𝜌𝑔 ?⃗?𝑔?⃗?𝑔) = −𝜀𝑔∇P + ∇ · 𝜏𝑔 + 𝜀𝑔𝜌𝑔𝑔 − 𝛽𝑔𝑠(?⃗?𝑔−?⃗?𝑠)              (8.4) 
Solid phase: 
𝜕
𝜕𝑡
(𝜀𝑠𝜌𝑠 ?⃗?𝑠) +  ∇(𝜀𝑠𝜌𝑠 ?⃗?𝑠?⃗?𝑠) = −𝜀𝑠∇P + ∇ · 𝜏𝑠 + 𝜀𝑠𝜌𝑠𝑔 − 𝛽𝑔𝑠(?⃗?𝑠−?⃗?𝑔)                    (8.5) 
The energy equation of each phase for the model is: 
Gas phase:   
𝜕
𝜕𝑡
(𝜀𝑔𝜌𝑔ℎ𝑔) + ∇(𝜀𝑔𝜌𝑔 ?⃗?𝑔 ℎ𝑔) = −𝜀𝑔
𝜕𝑃
𝜕𝑡
+ 𝑄𝑠𝑔                                                               (8.6) 
Solid phase: 
𝜕
𝜕𝑡
(𝜀𝑠𝜌𝑠ℎ𝑠) + ∇(𝜀𝑠𝜌𝑠 ?⃗?𝑠 ℎ𝑠) = −𝜀𝑠
𝜕𝑃
𝜕𝑡
− 𝑄𝑠𝑔 +  𝑄𝑟𝑎𝑑                                                   (8.7) 
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Table 8.1. Summary of conservation equations 
Conservation of mass:  
-Gas phase:  
𝜕
𝜕𝑡
(𝜀𝑔𝜌𝑔) + ∇(𝜀𝑔𝜌𝑔 ?⃗?𝑔) = 0                   (8.1) 
- Solid phase:  
𝜕
𝜕𝑡
(𝜀𝑠𝜌𝑠) +  ∇(𝜀𝑠𝜌𝑠 ?⃗?𝑠) = 0 (8.2) 
  
𝜀𝑔 + 𝜀𝑠 = 1 (8.3) 
  
Conservation of momentum:  
- Gas phase:  
𝜕
𝜕𝑡
(𝜀𝑔𝜌𝑔 ?⃗?𝑔) +  ∇(𝜀𝑔𝜌𝑔 ?⃗?𝑔?⃗?𝑔) = −𝜀𝑔∇P + ∇ · 𝜏𝑔 + 𝜀𝑔𝜌𝑔𝑔 − 𝛽𝑔𝑠(?⃗?𝑔−?⃗?𝑠) (8.4) 
- Solid phase:  
𝜕
𝜕𝑡
(𝜀𝑠𝜌𝑠 ?⃗?𝑠) +  ∇(𝜀𝑠𝜌𝑠 ?⃗?𝑠?⃗?𝑠) = −𝜀𝑠∇P + ∇ · 𝜏𝑠 + 𝜀𝑠𝜌𝑠𝑔 − 𝛽𝑔𝑠(?⃗?𝑠−?⃗?𝑔) (8.5) 
  
Conservation of energy:  
- Gas phase:  
𝜕
𝜕𝑡
(𝜀𝑔𝜌𝑔ℎ𝑔) + ∇(𝜀𝑔𝜌𝑔 ?⃗?𝑔 ℎ𝑔) = −𝜀𝑔
𝜕𝑃
𝜕𝑡
+ 𝑄𝑠𝑔 (8.6) 
- Solid phase:  
𝜕
𝜕𝑡
(𝜀𝑠𝜌𝑠ℎ𝑠) + ∇(𝜀𝑠𝜌𝑠 ?⃗?𝑠 ℎ𝑠) = −𝜀𝑠
𝜕𝑃
𝜕𝑡
− 𝑄𝑠𝑔 +  𝑄𝑟𝑎𝑑 (8.7) 
 
 
8.2.2 Constitutive equations 
The interaction between the solid particles and the air are modeled by the interphase 
exchange models that include the drag force, the heat exchange coefficient and additional 
lift forces. For the mathematical model presented in this section the exchange models that 
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have been decided to use are the Gidaspow and the Gunn for the exchange models 
mentioned above.  
In a fluidized bed, the main interaction between the solid particles and the air are due to 
the drag exchange, so the model selected for the simulation must be carefully selected. It 
has been decided to use the Gidaspow model due to the characteristics of the simulation. 
• Drag Model: Gidaspow 
𝛽 = 150
(1 − 𝜀𝑔)
2
𝜀𝑔𝑑𝑝
2 + 1.75
(1 − 𝜀𝑔)𝜌𝑔|𝑣𝑔 − 𝑣𝑠|
𝑑𝑝
                         𝜀𝑔 ≤ 0.8                      (8.8) 
𝛽 =
3
4
(1 − 𝜀𝑔)𝜀𝑔
𝑑𝑝
𝜌𝑔|𝑣𝑔 − 𝑣𝑠|𝐶𝐷𝑂                                                    𝜀𝑔 > 0.8                     (8.9) 
𝐶𝐷𝑂 =
24
𝑅𝑒𝑝
[1 + 0.15𝑅𝑒𝑝
0.687]                                                         𝑅𝑒𝑝 < 1000             (8.10) 
𝐶𝐷𝑂 = 0.44                                                                                          𝑅𝑒𝑝 < 1000             (8.11) 
𝑅𝑒𝑝 =
𝜌𝑔𝜀𝑔|𝑣𝑔 − 𝑣𝑠|𝑑𝑝
𝜇𝑔
                                                                                                        (8.12) 
The internal energy balance for each phase is written in terms of phase enthalpy defined 
in Eq. 8.13. For that model, it has been decided to use the Gunn model to calculate the 
heat transfer coefficient. The Gunn model is applicable when the porosity range is 
between   The Gunn model allows to calculate the Nusselt number (Nu), Eq. 8.17, needed 
for calculating the heat exchange coefficient (hkj), Eq. 8.15. Once the heat exchange 
coefficient has been calculated, the volumetric transfer rate can be evaluated, Eq. 8.14.  
• Heat Exchange Coefficient: Gunn 
ℎ𝑘 = ∫ 𝐶𝑝𝑘𝑑𝑇𝑘                                                                                                                       (8.13) 
Gas phase: 
𝑄𝑔𝑠 = ℎ𝑔𝑠𝐴𝑖(𝑇𝑔 − 𝑇𝑠)                                                                                                           (8.14) 
ℎ𝑔𝑠 =
𝜅𝑠𝑁𝑢𝑔
𝑑𝑏
                                                                                                                           (8.15) 
28 
 
𝑃𝑟𝑔 =
𝐶𝑝𝑔𝜇𝑔
𝜅𝑔
                                                                                                                           (8.16) 
𝑁𝑢𝑔 = (7 − 10𝛼𝑠 + 5𝛼𝑠
2)(1 + 0.7𝑅𝑒𝑔
0.2𝑃𝑟𝑠
1/3) + (1.33 − 2.4𝛼𝑠 + 1.2𝛼𝑠
2)𝑅𝑒𝑔
0.7𝑃𝑟𝑔
1/3     (8.17) 
 
Solid phase: 
𝑄𝑠𝑔 = ℎ𝑠𝑔𝐴𝑖(𝑇𝑠 − 𝑇𝑔)                                                                                                           (8.18) 
ℎ𝑠𝑔 =
𝜅𝑔𝑁𝑢𝑠
𝑑𝑏
                                                                                                                           (8.19) 
𝑃𝑟𝑠 =
𝐶𝑝𝑠𝜇𝑠
𝜅𝑠
                                                                                                                            (8.20) 
𝑁𝑢𝑠 = (7 − 10𝛼𝑔 + 5𝛼𝑔
2)(1 + 0.7𝑅𝑒𝑠
0.2𝑃𝑟𝑔
1/3) + (1.33 − 2.4𝛼𝑔 + 1.2𝛼𝑔
2)𝑅𝑒𝑠
0.7𝑃𝑟𝑠
1/3    (8.21) 
 
• Stress Tensors 
- Gas Phase: 
𝜏𝑔 = 𝜀𝑔𝜇𝑔 [∇ ?⃗?𝑔+ (∇ ?⃗?𝑔)
𝑇
]  −
2
3
𝜀𝑔𝜇𝑔(∇ ?⃗?𝑔)𝐼                                                                (8.22) 
 
- Solid Phase: 
𝜏𝑠 = 𝜀𝑠𝜇𝑠[∇ ?⃗?𝑠+ (∇ ?⃗?𝑠)
𝑇]  −
2
3
𝜀𝑠𝜇𝑠(∇ ?⃗?𝑠)𝐼                                                                     (8.23) 
• Stress Tensors 
- Gas Phase: 
𝜏𝑔 = 𝜀𝑔𝜇𝑔 [∇ ?⃗?𝑔+ (∇ ?⃗?𝑔)
𝑇
]  −
2
3
𝜀𝑔𝜇𝑔(∇ ?⃗?𝑔)𝐼                                                                (8.22) 
 
- Solid Phase: 
𝜏𝑠 = 𝜀𝑠𝜇𝑠[∇ ?⃗?𝑠+ (∇ ?⃗?𝑠)
𝑇]  −
2
3
𝜀𝑠𝜇𝑠(∇ ?⃗?𝑠)𝐼                                                                     (8.23) 
 
 
 
 
29 
 
Table 8.2. Summary of constitutive equations 
Drag model: Gidaspow  
  
𝛽 = 150
(1 − 𝜀𝑔)
2
𝜀𝑔𝑑𝑝
2 + 1.75
(1 − 𝜀𝑔)𝜌𝑔|𝑣𝑔 − 𝑣𝑠|
𝑑𝑝
                         𝜀𝑔 ≤ 0.8 (8.8) 
𝛽 =
3
4
(1 − 𝜀𝑔)𝜀𝑔
𝑑𝑝
𝜌𝑔|𝑣𝑔 − 𝑣𝑠|𝐶𝐷𝑂                                                    𝜀𝑔 > 0.8 (8.9) 
𝐶𝐷𝑂 =
24
𝑅𝑒𝑝
[1 + 0.15𝑅𝑒𝑝
0.687]                                                         𝑅𝑒𝑝 < 1000 (8.10) 
𝐶𝐷𝑂 = 0.44                                                                                          𝑅𝑒𝑝 < 1000 (8.11) 
𝑅𝑒𝑝 =
𝜌𝑔𝜀𝑔|𝑣𝑔 − 𝑣𝑠|𝑑𝑝
𝜇𝑔
 (8.12) 
  
Heat Exchange C: Gunn  
  
ℎ𝑘 = ∫ 𝐶𝑝𝑘𝑑𝑇𝑘 (8.13) 
Gas phase:  
𝑄𝑔𝑠 = ℎ𝑔𝑠𝐴𝑖(𝑇𝑔 − 𝑇𝑠) (8.14) 
ℎ𝑔𝑠 =
𝜅𝑠𝑁𝑢𝑔
𝑑𝑏
 (8.15) 
𝑃𝑟𝑔 =
𝐶𝑝𝑔𝜇𝑔
𝜅𝑔
 (8.16) 
𝑁𝑢𝑠 = (7 − 10𝛼𝑔 + 5𝛼𝑔
2)(1 + 0.7𝑅𝑒𝑠
0.2𝑃𝑟𝑔
1/3) + (1.33 − 2.4𝛼𝑔 + 1.2𝛼𝑔
2)𝑅𝑒𝑠
0.7𝑃𝑟𝑠
1/3     (8.17) 
Solid phase:  
𝑄𝑠𝑔 = ℎ𝑠𝑔𝐴𝑖(𝑇𝑠 − 𝑇𝑔) (8.18) 
ℎ𝑠𝑔 =
𝜅𝑔𝑁𝑢𝑠
𝑑𝑏
 (8.19) 
𝑃𝑟𝑠 =
𝐶𝑝𝑠𝜇𝑠
𝜅𝑠
 (8.20) 
𝑁𝑢𝑠 = (7 − 10𝛼𝑔 + 5𝛼𝑔
2)(1 + 0.7𝑅𝑒𝑠
0.2𝑃𝑟𝑔
1/3) + (1.33 − 2.4𝛼𝑔 + 1.2𝛼𝑔
2)𝑅𝑒𝑠
0.7𝑃𝑟𝑠
1/3 (8.21) 
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9 Cold fluidized bed case 
To begin with, a fluidized bed model with no heat transfer will be created. As this is the 
first model all the steps will be detailed explain for a better understanding how the 
software operates and which are the inputs and parameters that are need for running a 
simulation. For developing the CFD model the following steps should be followed: 
• Creating the geometry of the model. 
• Mesh the geometry. 
• Set up the software to perform the simulation. 
• Analyzing the results and obtaining conclusions. 
9.1.1 Geometry of the model and meshing 
A simple design of the fluidized bed was created for the first case that was simulated. A 
2-D model for the bed was created using the Ansys Fluent geometry software. The 
fluidized bed was modeled as a rectangle of 0.78 m width and 0.6 m height. This are the 
actual dimensions of the bed in the case. Once the geometry has been created, the meshing 
process stars. It has been decided for this fist model to have a mesh of 10000 elements. 
For creating the mesh, the Ansys meshing tool has been used. It has been specified the 
number of divisions of each edge (100 divisions), the size function (uniform), and the 
behavior (hard). With these parameters, a uniform rectangular mesh has been obtained So 
each element of the mesh has a size of 0.0078 m by 0.006 m or what is the same 7800 µm 
by 6000 µm. As the average particle size is 127 µm, the give a ratio mesh division by 
solid particle around 60. In Figure 9.1 it can be observed the geometry model and the 
mesh. Moreover, the inlet, outlet and walls region have been created to set the boundary 
conditions in the Fluent case. 
Figure 9.1. Geometry model of the fluidized bed (left), Mesh of the fluidized bed (right) 
 
) 
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9.1.2 Set up of the simulation 
In this section, all the steps that must be done to perform a Ansys Fluent simulation will 
be explained. As is the first simulation the parameters and assumptions will be discussed. 
In future simulations, only the inputs and boundary conditions will be presented so more 
time can be devoted to discussing and analyze the results. Although in this first simulation 
there is no heat transfer, the energy equation has been included in the model for using in 
the next simulations. Now the steps followed will be presented. 
1. Import the mesh: First, we must import the fluidized bed mesh and check that 
the mesh is correct. The mesh is correct if the minimum volume is positive 
 
Figure 9.2. Imported mesh 
 
2. Solver Settings: The type of solver, velocity formulation, time and 2D space are 
defined in this section. In the current simulation, the parameters selected are 
pressure-based, absolute, transient and planar respectively for the parameters 
explain above. The pressure-based solver must be used in multiphase simulation. 
Also, the gravity has been activated. 
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Figure 9.3. Solver and gravity settings 
3. Models: The models used in the simulation is the Eulerian multiphase model, a 
laminar viscous model and the energy equation is activated. 
 
Figure 9.4. Models used in the simulation 
4. Materials: In this model, we have two different materials: the air and the SiC 
particles. The properties of the materials must be defined in the software to 
perform the simulation. For the air phase, the default values have been selected 
and for the solid particles it has been created a new material with the default 
properties of the silicon carbide included in Fluent but modifying the density. For 
the silicon carbide particles, the density has been changed to 3210 kg/m3 as is the 
value reported in the paper. The other properties have not specified in that 
simulation. It is also important to remark that the material type of the particles is 
fluid as we are modeling that the particle behave like a fluid. The fluidized bed 
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column is made of stainless steel (AISI 304) with a density of 8030 kg/m3, a 
specific heat of 502.48 J/(kg-K) and a thermal conductivity of 16.27 W/(m-K) 
[11]. 
 
 
5. Phases: The air has been defined as the primary phase and the solid as the 
secondary phase. At this point it has been specified that the model is granular and 
that for the granular temperature model it will be used the partial differential 
equation. The properties of the phases have been defined: Diameter (127e-6 m), 
Granular viscosity (syamlal-obrien), Granular Bulk Viscosity (lun-et-al), 
Frictional Viscosity (schaffer), Angle Of Internal Friction (30.0007 deg), 
Frictional Pressure (johnson-et-al), Frictional Modulus (derived), Fraction 
Packing limit (0.5), Granular Conductivity (syamlal-obrien), Solid Pressure (lun-
Figure 9.5. Properties of air and silicon carbide particles 
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et-al), Radial Distribution (lun-et-al), Elastic Modulus (derived) and Packing limit 
(0.64). 
 
 
6. Phase Interaction: In this case the phase interaction models specified are the drag 
coefficient and the heat transfer coefficient. For the drag coefficient, the model 
selected has been Gidaspow and for the heat transfer coefficient the model has 
been Gunn. 
Figure 9.7. Drag and heat transfer coefficient 
 
 
Figure 9.6. Phase designation and properties of the phase selection 
35 
 
7. Boundary Conditions: For this problem, the boundary conditions must be set for 
the four boundaries. The four boundaries in this problem are the inlet, the outlet, 
the left wall and the right wall. For the Eulerian multiphase model, the inlet 
velocity must be specified for the primary and secondary phase. The air inlet 
velocity has been set as four times the minimum fluidization velocity that 
corresponds to 0.073 m/s. With this velocity, it can be assured that the bed will 
fluidized. The initial solid velocity is 0 as the bed is fixed at initial conditions. For 
the secondary phase the granular temperature, the volume fraction and the 
temperature must be also provided, these variables have been set to 0.0001, 0.55 
and 298 respectively. For the two walls, a no slip condition has been applied the 
air phase and a specularity coefficient to the solid phase. In that first simulation, 
the specularity coefficient has been set to 0.9, this is an appropriate value 
considering the case analyzed. The granular conditions are ruled by the Johnson-
Jackson equation with a restitution coefficient of 0.7. For the Eulerian model, the 
pressure of both phases and the mixture must be specified at the outlet boundary. 
For the mixture, the gauge pressure has been set to 10,000 Pa, so it is above the 
atmospheric pressure. For the air, the backflow total temperature has been set to 
298 K. For the solid phase, the backflow temperature, the backflow granular phase 
and the backflow volume fraction have been specified and set to 298, 0.0001 and 
0 respectively. 
 
• Boundary Inlet Conditions 
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• Boundary wall conditions 
 
Figure 9.8. Boundary inlet conditions for the air, solid and mixture 
Figure 9.9. Boundary wall conditions of air and solid particles 
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• Boundary outlet conditions 
 
8. Solution: In that section, it must be selected the type of pressure-velocity 
coupling, the spatial discretization and the transient formulation that will be used 
to solve the problem. In the first case, we will use a Phase Coupled SIMPLE 
scheme, a Second Order Upwind spatial discretization and Second Order Implicit 
transient formulation. 
 
Figure 9.10. Boundary outlet conditions of   air, solid particles and mixture 
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Figure 9.11. Solution methods settings 
9. Patch: The initial volume fraction of solid in the lower part of the fluidized bed 
was patched with a total height of 0.2m and a volume fraction of 0.55. These are 
the initial conditions in the case. 
 
Figure 9.12. Coordinates of the geometry patched. 
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10. Run calculation: Determine how long is going to last the simulation, determine 
the time step size and the number of time steps and the maximum number of 
iterations per time step. In the first case, it has been decided to use 0.0001 seconds’ 
time steps, a total number of 60000 times steps and a maximum of 50 iterations 
per time steps. 
 
 
Figure 9.13. Simulation settings 
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The Table 9.1 below include all the parameters that have been included to perform the 
simulation.  
Type of Solver Pressure-Based 
Solver Velocity Function Absolute 
Solver Time Transient 
Solver 2D Space Planar 
Gravity (m/s2) -9.81 (Y-direction) 
Multiphase Model Eulerian 
Energy Model ON 
Viscous Model Laminar 
Properties of solid phase 
Density (kg/m3) 3210  
Specific Heat (J/kg·K) 690 
Thermal Conductivity (W/m·K) 118 
Diameter (m) 0.000127  
Granular viscosity (kg/m·s) syamlal-obrien 
Granular Bulk Viscosity (kg/m·s) lun-et-al 
Frictional Viscosity (kg/m·s) schaffer 
Angle Of Internal Friction (deg) 30.0007 
Frictional Pressure (Pa) johnson-et-al 
Frictional Modulus (Pa) derived 
Fraction Packing limit 0.5 
Granular Conductivity (kg/m·s) syamlal-obrien 
Solid Pressure (Pa) lun-et-al 
Radial Distribution lun-et-al 
 Elastic Modulus (Pa) derived 
Packing limit 0.64 
Properties of wall material 
Density (kg/m3) 8030  
Specific Heat (J/kg·K) 502.48 
Thermal Conductivity (W/m·K) 16.27 
Phase Interaction 
Drag Coefficient gidaspow 
Heat Transfer Coefficient gunn 
Boundary Conditions 
Air Inlet velocity (m/s) 0.073 
Solid Inlet velocity (m/s) 0 
Granular Temperature (m2/s2) 0.0001 
Volume Fraction 0 
Temperature (K) 298 
Gauge Pressure (Pa) 10000 
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Air Shear Condition No slip 
Solid Shear Condition Specularity Coefficient = 0.7 
Granular Conditions Johnson-Jackson 
Restitution Coefficient 0.9 
Air Back Flow Temperature (K) 298 
Solid Back Flow Temperature (K) 298 
Table 9.1. Input data to perform the simulation 
9.1.3 Initial conditions 
The simulation starts with a packed bed of 0.2 m and a solid volume fraction of 0.55. Air 
at four times minimum fluidization velocity (v=0.073 m/s) is being injected from the 
bottom of the bed. In Figure 9.14, it can be observed the initial solid volume fraction of 
the bed and in Figure 9.15 the mixture total pressure. 
• Solid Volume Fraction 
 
Figure 9.14 Initial solid volume fraction 
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• Mixture Total Pressure 
 
Figure 9.15. Initial mixture absolute total pressure 
 
9.1.4 Results 
The results commented in this section are from 6 second from the beginning of the 
simulation. With that time, it can be ensured that the air has had enough time to go through 
the bed and that the bed is fluidized. In Figure 9.16, it can be observed that the bed has 
risen and that the maximum solid volume has decreased to 0.513. These results were 
expected as the inlet temperature is above minimum fluidization. 
In Figure 9.19, it can be observed the velocity magnitude of air. In some regions of the 
bed, the air speeds up to 0.402 m/s and in some of them keeps trapped at 0 velocity. These 
is due to the fact of the chaotic movement of the particles inside the bed. If a deeper look 
to the velocity components (Figure 9.20) is made can be noticed that the air changes 
direction and flows backwards in some regions of the bed, mainly in the top of the bed 
where the bubbles are being created. 
From the solid velocity, the most interesting facto to analyze is the Y-velocity (Figure 
9.22).  Streams of solid going up and streams of solid going down are created. That makes 
the bed circulate and will help in the heat transfer among the different parts of the bed. 
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9.1.4.1 Volume Fraction 
• Solid volume fraction 
 
Figure 9.16. Solid volume fraction at 6s 
• Air volume fraction 
 
Figure 9.17. Air volume fraction at 6s 
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9.1.4.2 Pressure 
• Mixture Absolute pressure 
 
Figure 9.18. Mixture absolute pressure at 6s 
9.1.4.3 Velocity 
• Air velocity 
 
Figure 9.19. Air velocity at 6s 
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• Air Y-velocity 
 
Figure 9.20. Air Y-velocity at 6s 
 
• Solid Velocity 
 
Figure 9.21. Solid velocity at 6s 
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• Solid Y-velocity 
 
Figure 9.22. Solid Y-velocity at 6s 
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10 Heat source modeling 
Once the cold fluidized bed model has been tested and check that it works properly, the 
next step is designing the model with heat transfer. The main challenges in this part of 
the study is define how can be the heat source modeled to match the experiment. First, it 
is important to know how does the heat source behavior. Then, it must be decided where 
exactly is the heat source going to be applied. Moreover, as it will be shown in this section, 
the size of the mesh and the intensity of the flux have a huge impact in the type of results 
obtained. So, the main objective is to create a heat source that has a similar behavior that 
the one shown in the experiment. 
10.1 Heat Source 
As it has been explained in section 7.3.1, the heat source of that experiment is a short-arc 
ozone-free 4 kWel Xe lamp. That lamp was chosen to simulate the solar radiation as it has 
a very similar spectrum than the terrestrial solar radiation. For being able to implement 
that source in the Ansys model, the heat flux that this lamp produces is needed.  The 
authors of the study [7], provide the spatial distribution of radiative heat flux incident on 
the bed surface. To characterize it they use a water cooled radiative heat flux sensor 
(Vatell TG-9000, calibration range: 0-1300 kW/m2) to calculate the convective heat flux. 
The infrared camera was used to record the spatial distribution of the incident radiative 
flux. The flux measured by the radiative sensor was correlated with the fourth power of 
the bed temperature. That correlation was used to convert the temperature map into the 
heat flux spatial distribution reported in Figure 10.1. 
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Figure 10.1. 3D representation of the radiative flux [kW/m2] incident to bed surface 
 
That 3-D representation was turned into a 2-D heat flux distribution to be implemented 
in the Ansys model. To create that 2-D version the previous representation was sliced in 
the point where the maximum heat flux was found. The heat source points the center of 
the bed and it can be observed that the major effect is concentrated less than 5 cm from 
the focal point. So, a very high gradient in the heat flux appears in a very small region.  
As it can be observed in Figure 10.3, the shape of the incident flux is like a Gaussian 
distribution. So, the data has been fitted to a three, five and eight terms Gaussian 
distributions with a midpoint of 0.39 and a width of 0.78. The R2 obtained with each one 
has been 0.9995, 0.9997, 0.9999. It has been considered adequate to choose the 3 terms 
Gaussian distribution to model the heat flux because it fits very well the data and is 
simpler than the other two candidates. In Figure 10.2, the Gaussian distribution can be 
observed and the data from the experiments. It can be appreciated that the fit of the 
distribution with the data is very good.  
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Figure 10.3. 2D representation of the radiative flux [kW/m2] incident to bed surface 
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10.2 Application of heat source 
Once the heat source term is defined that main question is how it is applied to the model. 
As the heat source must affect the surface of the bed, a way to track always the surface 
and apply the heat term to that cells must be designed. Other important issues that may 
arise are: how to take into consideration that the surface layer can have different solid 
volume fractions and the number of particles that contains each cell. If we have a very 
big cell, the number of particles in the cell will be high that if we have a more refined 
mesh. So, the effect of the mesh size will be studied to see its effect in the final result. 
Also, as we are heating up an entire cell, without considering the particles inside them, 
this will affect also to the conduction with the adjacent cells. The mesh size has a direct 
effect in the number of particles that receive that receive the radiation. Finally, the heat 
flux expression has been corrected to try to consider that the heat flux is affecting only 
the first layer. So, the corrected heat flux is the total flux divided by the size of the particle  
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11 Fixed bed simulation 
The first case that has been simulated with the heat source has been the fixed bed. In that 
simulation, the is no injection of air so all the heat is absorbed by the solid particles of the 
bed. The mesh size has been set to fifty times the diameter of the solid particles, so the 
mesh size is 50*0.000127m = 0.00635m. The main objective of that case is analyzing the 
evolution of the temperature in the fixed bed surface and see if it matches with the 
experimental data. 
Type of Solver Pressure-Based 
Solver Velocity Function Absolute 
Solver Time Transient 
Solver 2D Space Planar 
Gravity (m/s2) -9.81 (Y-direction) 
Multiphase Model Eulerian 
Energy Model ON 
Viscous Model Laminar 
Properties of solid phase 
Density (kg/m3) 3210  
Specific Heat (J/kg·K) 690 
Thermal Conductivity (W/m·K) 118 
Diameter (m) 0.000127  
Granular viscosity (kg/m·s) syamlal-obrien 
Granular Bulk Viscosity (kg/m·s) lun-et-al 
Frictional Viscosity (kg/m·s) schaffer 
Angle Of Internal Friction (deg) 30.0007 
Frictional Pressure (Pa) johnson-et-al 
Frictional Modulus (Pa) derived 
Fraction Packing limit 0.5 
Granular Conductivity (kg/m·s) syamlal-obrien 
Solid Pressure (Pa) lun-et-al 
Radial Distribution lun-et-al 
 Elastic Modulus (Pa) derived 
Packing limit 0.64 
Properties of wall material 
Density (kg/m3) 8030  
Specific Heat (J/kg·K) 502.48 
Thermal Conductivity (W/m·K) 16.27 
Phase Interaction 
Drag Coefficient gidaspow 
Heat Transfer Coefficient gunn 
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Boundary Conditions 
Air Inlet velocity (m/s) 0 
Solid Inlet velocity (m/s) 0 
Granular Temperature (m2/s2) 0.0001 
Volume Fraction 0 
Temperature (K) 298 
Gauge Pressure (Pa) 10000 
Air Shear Condition No slip 
Solid Shear Condition Specularity Coefficient = 0.7 
Granular Conditions Johnson-Jackson 
Restitution Coefficient 0.9 
Air Back Flow Temperature (K) 298 
Solid Back Flow Temperature (K) 298 
Table 11.1.Input data for the fixed bed case 
 
11.1 Results of fixed bed case 
In this section, the results obtained with the fixed bed case will be discussed and analyzed. 
The simulation was set to ten seconds to being able to compare the data obtained with the 
model with the data of the experiment. In Figure 11.1, it can be observed that the 
temperature in the focal point reaches very high temperatures very fast. In less than two 
seconds the temperature of the solid rises from 25oC to more than 1500 oC. Then, the 
temperature increases more slowly reaching a temperature around 2000 oC at five seconds 
and 2250 oC around 10s. The data reported on the experiment was that at 5 seconds the 
temperature was above 1500 oC. As the measurement equipment used in the study is only 
able to measure temperatures up to 1500 oC is very likely that the temperature of the focal 
point is very similar that the one calculated with the model. 
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Figure 11.1. Evolution of temperature in the focal point vs time 
 
In Figure 11.2, can be observed the temperature distribution of the fixed bed. The 
particles heat up around the focal point while the part of the bed is far from that point 
remains at a constant temperature. This type of behavior matches with the one reported 
in the paper. As it can be seen in Figure 11.3, the heat is transferred to the neighbor 
particles of the focal point. Although the view presented in the paper is the top view 
instead of the front view presented in the model the heat transfer between the particles 
matches. 
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2.5 seconds 5 seconds 
  
7.5 seconds 10 seconds 
  
Figure 11.2. Temperature distribution in the fixed bed simulation for 2.5,5,7.5 & 10 seconds 
 
 
Figure 11.3. Temperature distribution of the surface of the bed view from above reported by the paper [7] 
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12 Fluidized bed simulation 
In this section, the results obtained with the fluidized bed at four times the minimum 
fluidization velocity will be discussed and analyzed. The simulation was set to two 
seconds before the bed was already bubbling. So, once the fluidized bed was formed then 
the heat source term was activated.  
Type of Solver Pressure-Based 
Solver Velocity Function Absolute 
Solver Time Transient 
Solver 2D Space Planar 
Gravity (m/s2) -9.81 (Y-direction) 
Multiphase Model Eulerian 
Energy Model ON 
Viscous Model Laminar 
Properties of solid phase 
Density (kg/m3) 3210  
Specific Heat (J/kg·K) 690 
Thermal Conductivity (W/m·K) 118 
Diameter (m) 0.000127  
Granular viscosity (kg/m·s) syamlal-obrien 
Granular Bulk Viscosity (kg/m·s) lun-et-al 
Frictional Viscosity (kg/m·s) schaffer 
Angle Of Internal Friction (deg) 30.0007 
Frictional Pressure (Pa) johnson-et-al 
Frictional Modulus (Pa) derived 
Fraction Packing limit 0.5 
Granular Conductivity (kg/m·s) syamlal-obrien 
Solid Pressure (Pa) lun-et-al 
Radial Distribution lun-et-al 
 Elastic Modulus (Pa) derived 
Packing limit 0.64 
Properties of wall material 
Density (kg/m3) 8030  
Specific Heat (J/kg·K) 502.48 
Thermal Conductivity (W/m·K) 16.27 
Phase Interaction 
Drag Coefficient gidaspow 
Heat Transfer Coefficient gunn 
Boundary Conditions 
Air Inlet velocity (m/s) 0.073 
Solid Inlet velocity (m/s) 0 
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Granular Temperature (m2/s2) 0.0001 
Volume Fraction 0 
Temperature (K) 298 
Gauge Pressure (Pa) 10000 
Air Shear Condition No slip 
Solid Shear Condition Specularity Coefficient = 0.7 
Granular Conditions Johnson-Jackson 
Restitution Coefficient 0.9 
Air Back Flow Temperature (K) 298 
Solid Back Flow Temperature (K) 298 
Table 12.1. Input data for the fluidized bed case 
12.1 Results of bubbling bed case 
In this section, the results obtained with the fluidized bed case will be discussed and 
analyzed. As it can be observed in Figure 12.1, the temperature at the focal point of the 
bed varies significantly during time reaching temperatures up to 900 oC and going down 
to 250 oC. Bubbling reduces local overheating of the bed surface due to two mechanisms. 
The first one is that bubbles promote coverage of the hot central region with the cold 
particles located in the surroundings. The second mechanism is due bubbles promotes 
ejection and displacement of hot particles towards the colder regions of the fluidized bed. 
 
Figure 12.1. Evolution of temperature of the fluidized bed (black) and the fixed bed (purple) vs time 
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The solid volume fraction varies randomly during time. In Figure 12.2 can be observed 
the evolution of the volume fraction at 4 different times once the bed is already bubbling. 
The areas with a high solid volume fraction are marked in red and reaches values up to 
0.57. In the blue areas, the concentration of particles is very low or null. It can be observed 
that inside the bed there are regions where the volume fraction is very low, in that regions 
is where the bubbles are located and are going to the surface to burst. This mixing 
increases the heat transfer and decreases the max temperature in the top of the bed. 
 
t = 0  t = 1 s 
  
 t =1.5s t = 2s 
  
Figure 12.2. Solid volume fraction of the fluidized bed at 0,1,1.5 & 2 seconds 
 
The temperature of solid particles depends on several factors but where the max 
temperature can be found is on the focal point of the heat source. As it can be observed 
in Figure 12.3, at 1 second the temperature in the focal point reaches a temperature of 
almost 1000K (727 oC) and then it decreases to 700K (427 oC) in less than a fraction of a 
second. So, it can be concluded that the temperature in the top part of the fluidized bed 
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will be constantly changing and while time advance a larger part of the bed will have been 
heated up. 
 
t = 0  t = 1 s 
  
 t =1.5s t = 2s 
  
Figure 12.3. Solid temperature under bubbling conditions 
 
Finally, another variable that it is interesting to study is the velocity of the solid particles. 
In Figure 12. 4, it can be observed that particles go up and down in the fluidized bed, 
creating vortex. It is also important to remark that the highest velocity appears on the 
bottom of the bed at the first seconds of the simulation. This gradient in velocity and 
mixing of the solid particles improves the heat transfer among the fluidized bed and 
decrease the maximum temperature reached in the focal point. 
 
 
 
 
 
Temp (K) 
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t = 0  t = 1 s 
  
 t =1.5s t = 2s 
  
Figure 12. 4. Solid velocity under fluidized bed conditions 
  
Velocity (m/s) 
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13 Conclusions  
A CFD model being able to predict the behavior and understand the interactions in a 
fluidized bed when is irradiated with concentrated solar was developed. For the creation 
of the model it has been taken the study [7] as a base of the model and to be able to 
compare the results obtained.  
A 2-D model of a rectangular fluidized bed with solid particles of SiC was developed. 
The models used for the drag coefficient and the heat exchange coefficient are Gidaspow 
and Gunn. These models were considered the best due to the characteristics of the 
simulation. The first simulation was tested without including the heat source and the 
results obtained were satisfactory, obtaining a fluidized bed when the air injection was 
four times the minimum fluidization velocity. 
Then the model including the heat source was tested in two different cases. One of the 
main issues of that model was how to define the heat source that is affecting the fluidized 
bed. With the data obtained from the authors of the study, it was seen that the heat source 
fit a Gaussian distribution with a peak around 1200 kW/m2 in the focal point. Then this 
heat source was introduced into the model affecting always the surface of the bed. The 
first case that was studied was the fix bed, so, with no injection of air. The temperature 
of focal point of the bed reaches a very high temperature, 2250 oC, in a very short span 
of time, in around 10s. This was due to a high amount of energy is concentered in a very 
small region. On the second case, the simulation was set with an injection velocity of four 
times the minimum fluidization velocity, which means that the bed was fully developed. 
The temperature of the bed, in the first two seconds of the simulation, varies along time 
from around 1000 oC to less than 300 oC. This is due to the face that now the bubbling 
bed make particles move chaotically increasing the interaction among them and 
improving the heat transfer in the bed. Bubbling reduces local overheating of the bed 
surface due to two mechanisms. The first one is that bubbles promote coverage of the hot 
central region with the cold particles located in the surroundings. The second mechanism 
is due bubbles promotes ejection and displacement of hot particles towards the colder 
regions of the fluidized bed. 
Summarizing, a model able to predict the behavior of a fluidized bed when the heat source 
is radiating the top of the bed has been created and the results for the cases studied have 
been satisfactory. 
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14 Future work 
Once the main cases have been analyzed and discussed some guidelines for continuing 
with the creation of the model will be provided. First, the results obtain vary significantly 
depending on the mesh size. This could be because the heat transfer model or the thermal 
conductivity of the model are not accurate. So, a deeper research in that fields should be 
done to perfect the model. The thermal conductivity may be improved if it includes the 
void fraction of each cell. On the other hand, the heat source term used in the simulation 
could diverge for the real experiment as a 2D version of it has been used. Moreover, the 
heat source data could also don’t match the reality has it has been calculated 
experimentally. Summarizing, the heat transfer model, the thermal conductivity of the 
solid particles in the bed and the effect in the mesh size should be reviewed to perfect the 
heat model developed in that thesis. 
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